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Loss of habitat is considered to be one of the major threats to biodiversity.This is of concern because 
habitats created by bioengineering species support and enhance local biodiversity.The present study 
investigated the abundance and distribution of polychaetes among distinct patches of the biogenic 
habitats created by the tubeworm Galeolaria caespitosa, the Sydney rock oyster Saccostrea glomerata 
and the turfing red alga Corallina officinalis on natural rocky shores within Sydney Harbour, NSW, 
Australia. Assemblages of polychaetes were compared among the habitats, species of polychaetes 
restricted to single habitats were identified (I species was unique to oysters or Galeolaria, and 7 
species were unique to coralline turf), estimates of their contribution to diversity at the patch and 
landscape scale, and unique species were made.The relative cover of each of the habitats throughout 
Sydney Harbour is patchy but within the marine dominated sections of natural rocky shores, they 
are widespread.All habitats supported unique species of polychaetes and overall assemblages differed 
among the habitats. Loss of biogenic habitats due to climate change, harvesting or other anthropogenic 
activities, will result in loss of many species of polychaetes and will have larger scale implications. 
Future management of marine biodiversity, including the potential for a marine park network in 
Sydney Harbour, needs to take into account the importance of biogenic habitats in supporting these 
diverse assemblages of invertebrates. 
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Introduction 

Loss of habitat has been identified as one of the major 
threats to Australia’s biodiversity (Butler et al. 2010; 
McNeely et al. 1990), and is being driven by the increase 
in urban areas (McKinney 2002). Many of these natural 
habitats are being replaced by anthropogenic structures 
to make way for cities and urban sprawl (Bulleri and 
Chapman 2010). This has resulted in marina development, 
construction of coastal defences, and land reclamation 
replacing natural rocky shores and mangrove forests 
(Goodsell et al. 2007). Sydney Harbour is an example of 
a highly urbanised estuary, where more than 50% of the 
natural shoreline has been modified (Chapman 2003; 
Hedge et al. 2014; Mayer-Pinto et al. 2015). 

Many of these coastal habitats are not just physical structures 
of the landscape, but are created by living organisms 
which provide biogenic habitats for other taxa. For 
example, intertidal rocky shores are comprised of mosaics of 
many different sessile organisms (Sousa 1984; Underwood 
1981) which support diverse assemblages of macrofauna 
(Castilla et al. 2004; Cole and McQuaid 2010; Seed 1996). 
These organisms that create biogenic habitat facilitate the 
presence of smaller taxa (Bruno et al. 2003) and enhance 


local biodiversity are referred to as “structural species” 
(Huston 1994), “foundation species” (Dayton 1972), and 
“physical ecosystem engineers” (Jones etal. 1994; 1997). 

Protection of bioengineers therefore should be a key 
priority (Crain and Bertness 2006), because loss of those 
species that alter the environment have ecosystem-level 
consequences (Coleman and Williams 2002). For example, 
loss of kelp forests (Ecklonia radiata and Phyllospora comosa) 
due to the range expansion of the urchin, Centrostephanus 
rodgersii, led to an overall change in faunal composition and 
reduction in the abundance of limpets (Ling 2008). 

Loss of ecosystem engineers within a landscape has 
been proposed to lead to wide spread loss of biodiversity 
(Wright and Jones 2006). In addition to the threat 
of losing biodiverse habitats, the unique attributes 
of each type of bioengineer mean that loss of only 
one type will lead to loss of a unique assemblage of 
species. Throughout the world, examples of loss of key 
bioengineering habitats have been observed. In terrestrial 
systems, loss of important foundation tree species resulted 
in changes to rates of decomposition, nutrient fluxes, 
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carbon sequestration, and energy flow (Ellison et al. 2005). 
In the marine environment, destruction and mass removal 
of shellfish beds and seagrass due to fishing activities result 
in loss of biodiversity (Coleman and Williams 2002). For 
example, due to intense artisanal harvesting in South 
Africa, mussels are absent from all areas outside of marine 
reserves (Lasiak 1998; Ludford et al. 2012), and there has 
been a subsequent change in diversity and composition 
of these assemblages (Cole et al. 2011; Lasiak and Field 
1995). Associated with the change in the composition of 
habitats, there was a change in the overall biodiversity. 
Similarly, in the US, due to habitat destruction, loss of 
oyster reefs has led to fisheries and water quality declines 
(Beck et al. 2011; Coen et al. 1998). 

In Sydney Harbour, natural rocky shores consist of 
mosaics of interspersed bioengineers, often separated 
by only tens of centimetres or less. Conspicuous habitat 
patches are formed by the calcareous tubeworm Galeolaria 
caespitosa (which cannot be morphologically distinguished 
from G. gemineoa, Halt et al. 2009), the Sydney rock oyster 
Saccostrea glomerata and the turfing red alga Corallina 
officinalis. Locally, many different organisms have been 
found to be associated with such habitats (Kelaher and 
Cole 2005; Minchinton 1997; Otway 1995). Despite these 
habitats being common, few comparisons in the literature 
have been made among them in terms of associated 
organisms (but see Blockley et al. 2007; Chapman et 
al. 2005). By comparing assemblages associated with 
different habitat-forming organisms, a greater insight into 
what would happen if there were changes to biogenic 
habitats on intertidal rocky shores can be gained. 

Polychaetes are an abundant and speciose taxon in marine 
habitats (Fauchald and Jumars 1979), and have often 
been proposed as indicators (Giangrande et al. 2005; 
Olsgard and Somerfield 2000; Olsgard et al. 2003) because 
they represent the patterns of distribution and abundance 
of other taxa (Gobin and Warwick 2006; Olsgard et al. 
2003). There are currently 81 recognised families and 
13,000 species, of which, 67 and 1,140, respectively, are 
found in Australian waters (Hutchings 2000), although 
this has increased since then (Hutchings, Pers. Comm. 
2015). Within a species, many polychaetes have multiple 
modes of reproduction and are able to reproduce both 
sexually and asexually (Bentley &Pacey 1992; Hutchings 
1998). They cover a range of trophic groups (Fauchald and 
Jumars 1979; Jumars et al. 2015), many are detritivores 
and herbivores and others are carnivores, of which some 
are predatory (Ambrose 1984; 1984; Ockelmann and 
Vahl 1970). By using polychaetes as a model group, a 
diverse taxocene can be investigated and many different 
trophic groups can be studied (Hutchings 1998). 

This study aimed to: (1) describe the assemblages of 
polychaetes associated with common habitat forming 
species on rocky shores in Sydney Harbour; (2) determine 
the ecological significance of each biogenic habitat in 
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Figure I; Sydney Harbour;Australia,with sampling locations 
at Cremorne Point, Bradley’s Head, and Chowder Bay. 


the landscape; and (3) predict the consequences in 
terms of loss of species if biogenic habitats were to be lost 
from the landscape. 

Methods 

Study Area 

This study was carried out on intertidal rocky shores 
on the north side of Sydney Harbour, New South 
Wales, Australia (Figure 1). All places are east of 
the Harbour Bridge (Figure 1), with a strong marine 
tidal influence. These shores were randomly chosen 
examples of natural rocky shores within Sydney 
Harbour (Figure 2). The shores that were sampled are 
gently sloping Hawkesbury sandstone platforms, backed 
by native bushland. They have relatively little exposure 
to waves because they are protected in the harbour but 
sometimes they experienced waves created by ferry and 
boat wake. The average local tidal range is 1.6 m, and 
the tides are semi-diurnal. 

The habitats sampled were beds of the Sydney rock 
oyster Saccostrea glomerata, dense aggregations of the 
serpulid tubeworm Galeolaria caespitosa, and mats of 
the turfing coralline alga Corallina officinalis (Figure 
3). Habitats will hereafter be referred to as oysters, 
Galeolaria or coralline turf, respectively. Habitats were 
defined as being continuous patches, covering 100% 
of primary space. Patches of these habitats varied from 
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(a) (b) 



Figure 2: Examples of intertidal rocky shores in Sydney Harbour (a) looking west towards the Sydney Harbour 
Bridge, (b) at Chowder Bay opposite the Sydney Institute of Marine Science, (c) looking east out of the heads, and (d) 
surrounded by urban development. 



Figure 3: (a) A natural intertidal rocky shore in Sydney Harbour showing extensive urban development in the 
background, and in the foreground, a mosaic of mid-shore habitats of (a) turfing Corallina officinalis, (b) the tubeworm 
Galeolaria caespitosa, and (c) the oyster Saccostrea glomerata. 
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tens of centimetres to metres in diameter. They were 
interspersed with each other on the rock platform and 
separated by centimetres to tens of centimetres. All 
habitats co-occurred on the mid-low shore. 

Estimation of the cover of habitats on rocky shores in 
Sydney Harbour 

The percentage cover of oysters, Galeolaria, mussels, and 
coralline turf was estimated at Bradley’s Head, Cremorne 
Point, and Chowder Bay (Figure 1). Independent estimates 
of cover for each type of bioengineered habitat were made. 
At each location, six, 50 x 50 cm quadrats in each habitat 
were haphazardly selected on the mid-low shore. 

Comparison of the assemblages associated with bioengineers 

Oysters, Galeolaria, mussels, and coralline turf (Figure 
3) on intertidal rocky shores at Cremorne Point and 
Bradley’s Head were sampled (Figure 1). Two independent, 
randomly-chosen sites (separated by tens of metres) 
at each location were sampled. Sampling was done by 
scraping the habitat, down to the rocky substratum, into 
a 10 cm diameter PVC core. Three replicate cores of 
each habitat were sampled at each of two sites. Although 
the depth of samples within habitats varied, abundances 
of polychaetes were not correlated with the amount 
of habitat in each core and therefore did not require 
standardising (Cole 2006). 

Samples were fixed in 7% formalin buffered with filtered 
seawater and subsequently rinsed with freshwater through 
a 500 pm sieve. Polychaetes greater than 500 pm (i.e. 
macrofauna) were retained and identified to species or 
family under a dissecting microscope (often aided with use 
of a compound microscope for identification to species) 


and preserved in 70% ethanol. Polychaetes were identified 
to species at the Australian Museum, with a reference 
collection being deposited. 

Polychaetes were grouped into feeding guilds based on 
the dominant mode for each Family (Fauchald & Jumars 
1979; jumars et al. 2015). Polychaetes were separated 
into omnivores (including Chrysopetalidae, Nereididae, 
Syllidae), suspension feeders or surface deposit feeders 
(including Cirratulidae, Spionidae, Terebellidae), 
subsurface deposit feeders (including Capitellidae, 
Opheliidae, Orbiniidae, Maldanidae), and carnivores 
(including: Eunicidae, Lumbrineridae, Oenonidae, 
Phyllodocidae, Polynoidae). 

Statistical analyses 

Assemblages of polychaetes were compared among the 
three bioengineered habitats. Data for multivariate 
analyses were untransformed to test for differences 
in the composition and abundance of species. Non- 
multidimensional scaling (nMDS) ordinations (Field et al. 
1982) based on Bray-Curtis similarity matrices (Bray and 
Curtis 1957) were plotted in PRIMER 6.1.11 (Clarke and 
Gorley 2006) to visualise patterns of difference. 

Multivariate data were analysed using permutational 
analysis of variance (PERMANOVA+, PRIMER 6 add 
on, Anderson et al. 2009), with 9999 permutations, based 
on Bray-Curtis dissimilarity measures (Bray and Curtis 
1957). Habitat was a fixed factor and orthogonal (3 levels). 
Location (2 levels) and Site (2 levels) were random, and Site 
was nested within Location. There were n = 3 replicates 
of each habitat in each site, in each location. Pairwise a 
posteriori comparisons were done for significant sources of 
variation to determine patterns of difference relative to 
the hypotheses of interest. Furthermore, comparisons of 


80 


CJ 

> 

8 

OJ 

■ 

03 


70 


60 


2 50 


c 

03 

u 

03 

CL 


40 


CO 

c 

■ 

03 

5 


30 


20 


10 



Bradley's Head Chowder Bay Cremorne Point 

Location 


Figure 4: Mean (+SE; n = 6) percentage cover of bioengineered habitats created by Galeolaria (black bars), Oysters (grey 
bars) and Coralline turf (white bars) at Bradley’s Head, Chowder Bay and Cremorne Point. 
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numbers of species of polychaetes were calculated for each 
site and for each type of bioengineered habitat. 

Univariate data were analysed with analysis of variance 
(ANOVA), based on the same experimental design as for 
the multivariate analyses, with 3 habitats, 2 locations, 2 
sites and n = 3 replicates. The analysis for the comparison 
of the cover of habitats was slightly different, with 3 
habitats, 3 locations and n = 6 replicates. Prior to analyses, 
data were tested for homogeneity of variances, with 
Cochran’s test. Data for the majority of analyses did not 
require transformation, and to make simple comparisons 
among taxa, none of the data were transformed. The 
violation of homogeneity of variances was considered to 
be acceptable because ANOVA is relatively robust to 
heterogeneous variances for large designs such as this 
(Underwood 1997). When sources of variation were 
shown to be significant, Student-Newman-Keuls (SNK) 
tests were used to compare means. 

Results 

Estimation of the cover of habitats on rocky 
shores in Sydney Harbour 

The cover of bioengineered habitats varied among locations 
within Sydney Harbour (Figure 4, ANOVA: Location x 
Habitat MS = 1688, F 445 = 3.4, P = 0.016). Furthermore, 
there were spatial differences in the relative amounts of 
habitat (Figure 4). For example, at Bradley’s Head the 
mean percentage covers of coralline turf, Galeolaria and 
oysters were similar (Figure 4). At Chowder Bay, coralline 
turf was, however, the most abundant, and at Cremome 



Figure 5: nMDS ordination of assemblages of polychaetes 
from habitats bioengineered by Galeolaria (black shapes), 
Oysters (grey shapes), Coralline turf (white shapes). 


Table I: PERMANOVA of assemblages of polychaetes 
from Bradley’s Head and Cremorne Point. Location 
(Bradley’s Head and Cremorne Point) and Site (2 sites) 
were random factors, with Site nested in Location. Habitat 
(oysters, Galeolaria, and coralline turf) was a fixed factor and 
was orthogonal to Location and Site, n = 3. Pair-wise tests 
compared habitats within each site. 


Source 

df MS Pseudo- 

-F P(perm) 

Habitat 

2 19982.0 5.16 

0.0816 

Location 

1 3600.2 2.55 

0.3375 

Site (Location) 

2 141 1.9 1.27 

0.2132 

Location x Habitat 

2 3870.2 2.09 

0.0706 

Site (Location) x Habitat 4 1854.2 1.67 

0.0146 

Residual 

24 II 10.2 


TOTAL 

35 


Pair-wise 

Cremome Point Sites 1 and 2: 


Oys - Gal * Cor 



Bradley’s Head Sites 1 and 2: 


Oys 7 ! Gal * Cor 


Table 2: Diversity of polychaetes at two sites at each of 
Cremorne Point and Bradley’s Head.The total number of 

species per site, and 

mean number of species per site (+ 

SE; n = 3), and the total number of species in 
at each site were calculated. 

each habitat 


Total Mean (±SE) 

Total 


species species 

species 

Cremorne Site 1 

19 8.3 + 1.76 


Oysters 


9 

Galeolaria 


1 1 

Coralline turf 


5 

Cremorne Site 2 

21 10.3 + 0.67 


Oysters 


1 1 

Galeolaria 


9 

Coralline turf 


1 1 

Bradley’s Site 1 

Oysters 

22 10.7 + 2.85 

5 

Galeolaria 


13 

Coralline turf 


14 

Bradley’s Site 2 

Oysters 

24 8.3 ± 1.2 

6 

Galeolaria 


9 

Coralline turf 


10 

Table 3: Diversity of polychaetes across both sites at 
Cremorne Point and Bradley’s Head.The total number of 

species, mean (+SE; / 

i-6) number of species 

;, and unique 

species per habitat were calculated. 



Mean (±SE) 

Unique 

Total 

species species 

species 

Oysters 16 

7.75 ± 1.38 

i 

Galeolaria 20 

10.5 ± 0.96 

i 

Coralline turf 23 

10+ 1.87 

7 
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Table 4: List of species (families) that are unique to oysters, Galeolaria and coralline turf, and species that are common 
to all three habitats. 


Species unique to Oysters Species unique to Galeolaria Species unique to Coralline turf 


Species common to all habitats 


Perinereis vallata (Nereididae) Polydora woodwicki (Spionidae) 


Chrysopetalum debile (Chi'ysopetalidae) 
Arichlidon hanneloreae (Chrysopetalidae) 
Nereis maxillodentata (Nereididae) 
Lumbrineris sp. (Lumbrineridae) 
Micromaldane nutricula (Maldanidae) 
Scoloplos sp. (Orbiniidae) 

Oenone sp. (Oenonidae) 


Perinereis amblyodonta (Nereididae) 
Dipolydora giardia (Spionidae) 

Syllis prolifera (Syilidae) 

Lepidonotus melanogrammus (Polynoidae) 
Polycirrus rosea (Polycirridae) 
Polyophthalmus pictus (Opheliidae) 


120 



Oysters Galeolaria Coralline turf 


Figure 6: Mean (+SE; n - 12) abundance of omnivorous (black bars), suspension and surface deposit feeding (striped bars), 
subsurface deposit feeding (spotted bars), and carnivorous (grey bars) polychaetes in oysters, Galeolaria, and coralline turf 

Table 5: Analysis of variance comparing abundances of polychaetes that are (a) omnivores, (b) suspension/surface deposit 
feeders, and (c) subsurface deposit feeders from Bradley’s Head and Cremorne Point. Location (Bradley’s Head and 
Cremorne Point) and Site (2 sites) were random factors, with Site nested in Location. Habitat (oysters, Galeolaria, and 
coralline turf) was a fixed factor and was orthogonal to Location and Site, n = 3. SNK tests were done for significant sources 
of variation relative to the hypotheses of interest. 

(a) Omnivores (b) Suspension/Surface deposit (c) Subsurface deposit 




C = 0.39 (P 

> 0.05) 


C = 0.3 1 (P > 0.05) 


C= 0.64 (P < 0.01) 


Source 

df 

MS 

F 

P 

MS F 

P 

MS 

F 

P 

Habitat 

2 

13472.19 

1 14.14 

0.009 

1665.44 1.93 

0.341 

19647.03 

7.71 

0.022 

Location 

1 

684.69 

0.38 

0.598 

0.1 1 0.00 

0.981 

2791.36 

1.28 

0.376 

Site (Lo) 

2 

1778.81 

1.43 

0.259 

156.50 1.31 

0.285 

2184.14 

1.43 

0.260 

Ha x Lo 

2 

1 18.03 

0.07 

0.935 

863.44 7.25 

0.003 

2952.86 



Ha x Si(Lo) 

4 

1724.06 

1.38 

0.269 

* 147.67 


» 2344.22 



Residual 

24 

1244.92 



x l 14.36 


x 1532.39 



Total 

35 









Pooled 

28 




1 19.07 


2547.10 

1.66 

0.17 

SNK 


Oys < Gal < Cor 


Cremorne Point: 


Oys - Gal < Cor 







Oys = Gal = Cor 
Bradley's Head: 

Oys = Cor < Gal 






x Denotes post hoc pooling, P > 0.25. New F-ratios are given for those tested against the pooled term. 
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Point, oysters were more abundant (Figure 4). Although 
oysters were most abundant at Cremorne Point, they were 
least abundant at Chowder Bay (Figure 4). 

Assemblages associated with bioengineers 

Each habitat supported a unique assemblage of polychaetes 
(Figure 5), but differences were location specific (Table 
1). Subsequent analysis indicated that assemblages of 
polychaetes significantly differed between coralline turf 
and the other two habitats at Cremorne Point (Table 
1). Assemblages of polychaetes were similar in habitat 
bioengineered by oysters and Galeolaria at Cremorne Point 
(Table 1). At Bradley’s Head, assemblages of polychaetes 
significantly differed among all three habitats (Table 1). 


all habitats co-occurred on the mid-low shore, generally 
either directly adjacent or only centimetres to tens of 
centimetres away from each other. Similarly, patches of 
the biogenic habitats ranged in size at the scale of tens of 
centimetres to metres (Cole, pers. obs). Underwood and 
Chapman (1996) proposed that patchiness at these spatial 
scales is generally as a result of biological processes such 
as predation or competition. In addition to competition 
for space with other taxa (Menge and Sutherland 1976), 
and predation and/or grazing (Petraitis 1987; Connolly 
and Roughgarden 1999), storms (Connell et al. 1997; 
Underwood 1999), and trampling (Brosnan and Crumine 
1994; Brown and Taylor 1999; Povey and Keough 1991) 
may result in loss of biogenic habitat. 


At each site, there were a total of 19-24 species of 
polychaete representing 16 families (Table 2). The 
mean abundance of polychaetes per site was also 
similar (Table 2). The total number of species within 
each habitat differed with each site. At both sites at 
Cremorne Point, coralline turf had the most species, 
whereas at one site at Bradley’s Head, coralline turf had 
the fewest species (Table 2). 

Overall, coralline turf had the greatest number of species 
of polychaetes (Table 3). Furthermore, seven species were 
unique to coralline turf, and one species was unique to 
either oysters or Galeolaria (Table 3 & 4) • Six species were 
common to all three habitats (Table 3 & 4). 

Omnivorous polychaetes were the most abundant 
feeding guild, and they were most abundant in coralline 
turf (Table 5, Figure 6). Suspension feeding or surface 
deposit feeding polychaetes were most abundant in 
Galeolaria (Figure 6), but this was significant for one of 
the two locations (Table 5). Subsurface deposit feeding 
polychaetes were most abundant in coralline turf (Table 
5, Figure 6). The relative abundances of different feeding 
guilds of polychaetes differed among habitats (Figure 
6). In oysters and Galeolaria, omnivores and suspension 
feeding or surface deposit feeding polychaetes were the 
dominant feeding guilds (Figure 6). Abundances of 
carnivores were too few for analyses but they were most 
abundant in coralline turf and completely absent from 
oysters (Figure 6). 

Discussion 

The biogenic habitats under investigation were patchily 
distributed but present on all shores that were sampled. 
Within the marine dominated section of Sydney Harbour, 
these species are common on natural rocky shores 
(Bulleri et al. 2005). For example, Moreira et al. (2007) 
found seawalls to be dominated by S. glomerata and G. 
caespitosa, and Chapman et al. (2005) measured covers 
of C. officinalis up to 95% on seawalls in Sydney Harbour. 
Further upstream, oysters dominate hard substrata 
(Scanes et al. submitted). In the present study, although 
independent estimates of the percentage cover were done, 


Anthropogenic activities will transform landscapes 
resulting in a loss of species (Lindborg and Eriksson 
2004). The loss of a single bioengineer would not just 
have consequences for unique species that inhabit it, but 
there will also be overall landscape consequences. Loss of 
a single habitat within a matrix has shown that there are 
landscape implications (Fahrig and Merriam 1994). The 
size of habitat patches and the ability of dispersal of a 
species inhabiting habitat patches influences colonisation 
(Cole et al. 2012; Fahrig 2003; Thrush et al. 1996), and 
recolonisation may occur from neighbouring patches 
(Hanski 1998). Highly mobile polychaetes can colonise 
newly created biogenic habitat patches by moving from 
adjacent habitat but those that are sessile or sedentary 
rely entirely on larval settlement (Cole et al. 2007). Loss 
of a single habitat type may alter the current proportions 
of different trophic groups and lead to ecosystem decline 
(see Dobson et al. 2006, for review). The present study 
indicates that there are a number of common species 
and individuals may move among the different habitats. 
Furthermore, there were distinct patterns of abundance 
of different feeding guilds of polychaetes among the 
different habitats. Previous studies have shown that 
polychaetes move between different biogenic habitats 
and colonise newly available habitat (Cole et al. 2007). 
Increases in the proportion of predatory polychaetes such 
as those from the families Polynoidae and Eunicidae, or 
even omnivorous Nereididae (Fauchald and Jumars 
1979, Jumars et al. 2015) may have effects on the rest 
of the assemblage. Studies have shown strong influences 
of predators on the existing and newly colonised 
assemblages in benthic habitats (Commito 1982, Desroy 
et al. 1998). Specifically, omnivorous polychaetes from 
within biogenic habitats show strong selective choices 
in types of prey (Cole et al. 2012), and can consume and 
reduce other polychaete abundances in biogenic habitats 
(e.g. P erinereis amblyodonta, Cole 2009). 

Under future climate change scenarios of increased 
storm events, sea level rise, ocean acidification and 
rising temperature (IPCC 2014), all habitats on rocky 
shores will be affected (Hawkins et al. 2008; Helmuth 
et al. 2006). With ocean warming, the distributional 
ranges of marine invertebrates are predicted to continue 
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(Cheung et al. 2009). Furthermore, changes to salinity and 
coastal runoff due to rainfall can have negative impacts 
on marine invertebrates (Pedersen and Perkins 1986). 
With rising sea levels, the entire intertidal rocky shore 
systems will be reduced (Thompson et al. 2002). All the 
bioengineering species in the present study are calcified 
so will therefore be threatened by ocean acidification 
(Orr et al. 2005). Ocean acidification affects a range 
of physiological processes (Portner 2008), and growth, 
reproduction, and survival (Doney et al. 2009; Kurihara 
2008), which also lead to ecosystem-scale effects (Hall- 
Spencer et al. 2008; Portner and Farrell 2008). Of the 
three habitat forming species in the present study, oysters 
may be most at risk because molluscs rank among the 
most affected (Gazeau et al. 2013; Kroeker et al. 2010; Ries 
et al. 2009; Ross et al. 2011). In addition to negative effects 
of ocean acidification on S. glomerata (Parker et al. 2009; 
2010), declines in survival of coralline algae (Kuffner et al. 
2008; Martin and Gattuso 2009), and tubeworms (Lane et 
al. 2013; San Chan et al. 2012) have also been observed. 

Many of these climate related threats will be unavoidable 
in the future. It is therefore imperative that immediate 
non-climate related threats are mitigated. Replacement 
of rocky shores with seawalls will reduce the amount 
of available intertidal space for these habitat-forming 
species (Chapman 2003). In urban areas, such as in 
Sydney Harbour, run-off introduces contaminants into 
biological systems (Pedersen and Perkins 1986; Stark 
1998), which has extensive impacts on species associated 
with biogenic habitats (Roberts et al. 2008), and on 
ecological functioning (Johnston et al. 2014). There is also 
extensive boating activity within the harbour (Widrner 
and Underwood 2004), and increases in wave-action 
will affect the structure of these habitats (McQuaid and 
Lindsay 2002). Increases in artificial structures within 
Sydney Harbour may also aid the arrival or spread of 
marine nonindigenous species (Glasby et al. 2007). 

Many intertidal rocky shores throughout the world are 
over-exploited for food and bait, including Portugal 
(Jacinto et al. 2009; Rius and Cabral 2004), Chile (Duran 
and Castilla 1989; Bustamante and Castilla 1990), and 
South Africa (Kyle et al. 1997; Lasiak and Field 1995). 


Underwood (1993) investigated overexploitation of rocky 
shores in Sydney. Although oysters have been historically 
exploited in Sydney and throughout the world, it is unlikely 
tubeworms and coralline turf will also be harvested. In South 
Africa, there is a negative relationship between mussels that 
are overharvested and coralline turf. Similarly, in Sydney 
Harbour, removal of mussels on seawalls increased the 
cover of coralline algae (Chapman et al. 2005). Although 
coralline algae had a greater diversity of polychaetes than 
the other two habitats, their loss will lead to the loss 
of unique species. Specifically loss of oysters in Sydney 
Harbour will mean loss of a number of unique species. 
If harvesting goes unchecked it can create a scenario of 
overharvesting and rarity of intertidal species in other 
countries (Coen 1995, Moreno 2001; Roy et al. 2003). 

Marine protected areas have been shown to be important 
and effective in protecting target species (Halpern 2003; 
Halpem and Warner 2003; Roberts et al. 2001), but the 
effects on associated species may not be so clear (Cole et 
al. 2011). Although marine parks can be useful, in the 
absence of other management strategies, they may not be 
the best solution for protection of biodiversity (Boersma 
and Parrish 1999). Any management strategies to protect 
parts of the Hawkesbury Manning Shelf Bioregion through 
the creation of a marine park in Sydney Harbour need to 
recognise the importance of biogenic habitats in enhancing 
local biodiversity (Creese and Breen 2003). As threats 
to intertidal habitats continue with increasing human 
populations, this may become increasingly important 
(Helmuth et al. 2006; Thompson et al. 2002). Similarly, 
any decisions and attempts at restoring oyster reefs within 
Sydney Harbour have implications for not just the oysters 
but also the neighbouring biogenic habitats and associated 
fauna. This study highlights the importance of biogenic 
habitats within Sydney Harbour and the need to consider 
the diverse assemblages associated with bioengineers when 
making management decisions. 
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